oise ratio of 15 dB.
Microzoning
Microzoning is a term iisecl to describc a ccllular system where the iiitlivitliial cclls have been further divided into smaller zoncs, iisiially thrce. The purpose of microzoning is t,o reduce co-cIianncl interfcrcrice in a cellular systcm. Mic:rozoning is different, frorri cell scctoring, another common tcchniquc for reducing co-channel intcrfcrcncc, in that the rnicrozonc antcnnas are located at the oiiter edges of the each rriicrozoiie arid radiate back toward the interior of the cell. Each user's forward arid reverse link to thc base stat,iori is via the microzonc that rcccives thc mobile's signal the strongest. Only onc microzone transmits to a specific iiser a t a time. Also unlike cell scctoring systems, where spccific frcqiicncies are permanently assigned to specific sectors, ariy frcqiiericy (:ail be amigned to any microzonc as long a s it is not assigned to more than OIE microzone in thc same cell simultancously. HCIICC, systcms employing microzoning are able to preservc trunking efficiency, thcrcby keeping thc cc11 capacity q u a l to that of systems iising ornnidirectional antcnnas.
Co-chaniiel intcrference in celliilar systems utilizing frcqiicricy-division rnultiple acccss (FDMA) has been previoiisIy considered in [I] . In [I] microzonc co-channel interfcrcncc is obtainctl as a fiinction of the ratio of the distarice between the centcr of OIIC rnicrozonc in the reference cell and the cctiter of a rriicrozone in the closest co-channel cell to the radius of the niicrozoric, and the worst case mobile location is considered t o be a t the center of the reference microzone, one microzone radius away from the desired transmitter. There are two drawbacks to the expression for co-channel interference developed in [ 11. First, this technique does not take into account the directional nature of the microzone transmitting antennas. Second, the worst case location is not the center of the microzone biit the center of the cell, the farthest point from each microzone transmitter. In this paper, co-channel interference with microzoning is examined and expressions for worst case co-channel interference that take into account the directional nature of the microzone antennas are developcd for one-cell, three-cell, and seven-cell per cluster cellular systems.
Signal-to-Noise Ratio for Cellular Systems
The generalized expression for thc signal-to-noise ratio SIN of the forward link of a FDMA ccllular system can be expressed as (21
where &/No is the SIN ratio due to AWGN alone, with NO being the one-sided noise power spectral density, Eb = PoTb the average bit energy, T b the bit duration, axid PO is the average transmitted power from the referetice base station to the dksired mobile in the reference cell. For a FDMA system, the co-channel interference is the power rcceived at the reference mobile from co-channel base stations transmitting 011 the same frequency channel. Assuming perfect power control at the base stations, we can express received powcr in terms of distance from transmitter to receiver. The received power from a co-channel ccll is inversely proportional to the distance from the appropriate corresponding co-channel cell transmitter t o the rcfcrence mobile's location raised to the appropriate path loss exponent for that cell; that is, where P i is the average power from the ith cell's base station transmitter received by the reference user, Ri is the distance from the ith base station transmitter to the reference user, and n,, is the path loss exponent from the ith cell to the reference user. Likewise, the power from the reference cell t o the desired mobile is inversely proportional to the distance from the appropriate reference cell transmitter to the reference mobile's location, raised to the path loss exponent for the reference cell; that is,
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where Ro is the distance from the appropriate reference cell transmitter to the reference user and no is the path loss exponent for the reference cell. Assuming the constant of proportionality is tlie same for all base stations, we get
The evaluation of SIN for an arbitrary location within the reference cell is both difficult and unnecessary. System design must .consider the smallest expected SIN; hence, the evaluation of the worst case SIN is sufficient. For microzoning architectures, co-channel interference is worst at the center of the cell.
Co-Channel Interference with Microzoning
As mcritioned in the last2 section, the worst case mobile location is the center of the cell, two microzone radii from each microzone transmitter, since the receivcd signal power from the desired signal will bc weakest a t this point. In [l] , the more optimistsic mobile placement of one microzone radius from the clesircd traIisInitter is used. Whcm microzone. aiitciina positioiis and orimtations are t,akcn into account, it is clcar that several mi(:rozoxics in a given cell (one to two per cell, depcnding on the geometry) will not create intwfcrcncc a t the reference mobile due to the tlirectionality of their antenna radiation pattern. As a result, the distances between microzones of co-channel cells that actually contribute to co-channel interference are farther apart than thosc used in [l] . This, in turn, helps improve the sigIial-to-interference ratio. In practice, only the first-tier co-channel cells significantly affect ( S/N)cc1. The effect 011 SIN of the second-tier co-channcl cells cau be included in the overall SIN expression, h i t tliw t o its relatively ncgligiblc effect, tlic effect of second-tier co-channel cells will hc omitted.
The difference in the dcvclopment of the expressioris for co-channel interference (leveloped in this paper and thosc in (11 are illustrated for a one-cell per cluster architecture, shown in Figure 1 . Here, cells arc represented by c:irdes, while intlivitlual microzones arc represented by shaded hoxagons circ:iiniscribcd within each cell circle. Thc microzonc traxisrriittcrs arc tlesignated by black semi-cirt:lcs. Each microsone transmitter lies on the outer edge of its microzone, and therefore, the outer edge of its cell as well. The microzone a n t e n n a radiate back toward the center of the cell with a 120' radiation pattern. The mobile unit is shown j u s t to tlie left of the center point of the cell so that it falls {indcr the corit,rol of the left-most microzone of the reference, or c:entcr, ccll. The difference between the resiilts developed in (11 arid those developed in this paper can easily be scc~i by examining the co-channel distance from the refcrcncc niobilc iinit to co-channel cell A. The distance from the mobile iinit to the center of the nearest microzone in ccll/cliister A is iised in [ 1). This is the center of the top-most Inicrozone of cell A. However, there are no transmitters located at, thc ccnters of the microzones, only at the edges. A(lditioIially, the antenna for tlic top-most microzone of ccll A is radiating away from the reference rriobilc user: and hence is riot a soiircc of interference to the referencc mobile. Instcad, the left-most and bottom rnicrozones of ccll A are the only microzones that generate interference to the mobilo user, and therefore, the only niicrozoiies that need t o considered for co-channel interference. Since the distance from the reference mobile to the tralismitter of both the left-most and bottom microzone of cell A is mR,, either microzone can be chosen to reprcserit the ,c:o-c:hannel interfercrice from this cell. In cells where the distances between potential interfering mic:rozones are different, the shortest microzoric distance is chosen sincc that choice represents the worst case. Only one of thc'niicroxones in a particular cc11 eligible to create interference with the rcfcrcnce mobile need be considered since only one microzone transmitter of a cell is active 011 a particular frcqiicncy at, a t h e in a FDMA system.
Rccall that using the tcehnique dcveloped in (11 for a one-cell per cliistcr ardiitcctiirc results in choosing a 1 1 ineligiblc microzoric transmittcr (the top microzone) in cell A as the InicrozoIie contribiiting to co-c:hanncl iritcrferencc within the reference ccll. All other things being cqual, the results obtained taking into account the directionality of the microzone transmitter antennas almost always decrease the co-channel interference from each co-channel cell.
One-cell per Cluster Microzoning
In a one-cell per cluster architecture, the distances from the reference mobile unit at the center of the reference cell to the transmitters of the worst case (closest) co-channel microzones of each of the co-channel cells, A, B, C, D, E, and F, are a R , , 5R,, a R , , 5R,, mR,, and 5R,, respectively, as seen in Figure 1 . The resulting first-tier co-channel interference is given by
where Rz is the zone radius and n,A through n.F are the path loss exponents of each of the six first-tier co-channel cells A through F, respectively.
In a similar manner, if thc reference mobile position is taken to bc the center of its microzone as in [l] and transmitter directionality is considered, the first-tier cochanriel interference is given by ( :
which generally is much smaller than is obtained using the analysis developed in [ 1).
Three-Cell per Cluster Microzoning
Thc architecture and co-channel distances for a threecell per cluster microzoning system are shown in Figure 2 . In the three-cell per cluster system, the clusters are designated as cliisters 0, A, B, C, D, E, and F which appear as the first letter of the cell labcls. Every cliister has three c:clls, which are rcprcsented by circlcs and designated as cells one through three. They appear as the last number of thc cell labels. All cells dcsignated with the same number use the same set of frequencies, and hence, are co-channel interferers with each other.
In Figure 2 , the mobile miit is shown just to the right of the center of [:ell one of the referencc clus%er, falling iinder the control of the right-most microzonc of cell 0 2 . Thc distances from the reference mobile unit to the appropriate rnicrozone transmit tcrs of co-channel intcrfering Consequently, the first-tier co-channel interference for this architccturc is givcn by
In a similar maiincr, if t,hc reference mobilc position is taken to bc tho ccntcr of its microzonc a s in [l] aiid transmitter directionality is considered, thc first-tier COchanncl interfercncc is given by
As in thc onc-cell per cliistcr case, this generally is niuch smaller than is obtained iising thc analysis tlevelopetl iii
Seven-Cell per Cluster Microzoning
Tho architecture and co-channel distances for a sevencell pcr cluster microzoning system are shown in Figurc 3. In thc sevcn-cell per cluster system, the clusters are designated as clustcrs 0, A, B, C, D, E, arid F which appear a s thc first Ictter of thc cell labels. Every cluster has seven PI. cclls, which arc roprcsentctl by circles arid designated as cclls one throiigh seven. They appear as the last number of the ccll labels. All c:olls designated with the same number rise the sanic sct of frcquencies, and hence, are co-charincl int>crfcrers with cach other.
In Figure 3 , t,hc inobilc unit, is shown just to the right of thc center of (: (!I1 oiie Finally, the distancc to D1 is mR,. Coriscquently, the first-tier co-c:hanncl iiitorfcrcricc for this arc:hitcctiire is given by
In a similar InaIincr, if the rcforcncc rnobile position is taken to hc tlic ccritcr of its microzonc as in [l] and tmiismittcr tlircct,ioiiality -is considcred, thc first-ticr cochanwl intcrfcrcncc is givcn hy
As in the one-cell per cluster and three-cell per cluster cases, this generally is much smaller than is obtained using the analysis developed in [l] .
Results
Because of thc greater distance between the mobile user and the desired microzone transmitter for the worst case mobile location at the microzone edge, we generally expect the worst case signal-to-noise ratio to be smaller than that predicted by the method discussed in [l] . At the same time, the method discussed in [l] is overlv pessimistic in accounting for co-channel interference, which when properly accounted for tends to increase SIN. As a result, the SIN a t the center of the microzone as derived in this paper is larger than that predicted in [l] . For reasonable path loss propagation exponents, the SIN at the microzone center as predicted by [l] is overly pessimistic, in some instances by a significant factor. For the mobile location at the microzone edge, the improvement in SIN obtained by properly accoiinting for co-channel interference is generally more than offset by the decrease in received signal power for multi-cell per cluster architectures. For three-cell pcr cliistcr and seven-cell per cluster systcms and for reasonable path loss propagation exponents, the SIN a t the worst case location is less than that obtained using tlic method in [I] , again in sorric instances by a significant anlolint. This is not thc casc for one-ccll per cluster systems.
As duster system is tlic most geographically compact architcctiirc in terms of the distance to the co-channel cclls, the improvement duc to better accuracy in nicasiirixig distancc to the actiial interfcring transmitter's location has tlic grcatest effect in this case. The additional distancc that results from the differcncc in directionality and transmitter placement bctween the analysis in this paper and that in [I] produces a significant decreasc, pcrccntage-wise, of co-channel intcrfercnce. In the one-cell per clristcr ardiitecture, the advantage is grcat cnough to overcome the tlisadvantage of having a truc worst case mobile location. 
Conclusion
The worst case signal-to-noise ratio for a narrowband, frequency-division multiple access cellular system with microzoning developed in this paper is more accurate than that obtained with the method developed in [l]. Except for one-cell per cluster systems, the worst. case SIN developed in this paper is lower than that predicted previously. Nevertheless, microzoning still results in a considerable improvement in SIN as compared to omnidirectional architectures while maintaining system capacity and soft hand-off capability. Based on the worst case mobile location at the edge of a microzone, narrowband, frequencydivision multiple access cellular systems require seven-cell per cluster architectures in order to maintain a worst, case signal-to-noise ratio of 18 dB. If a worst case signal-to-noise ratio of 15 dB is acceptable, then a three-cell per cluster architecture can be employed.
